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Acid processes in the atmosphere, particularly those caused by anthropogenic acid
gases, increase the amount of bioavailable P in dust and hence are predicted to increase
microbial biomass and primary productivity when supplied to oceanic surface waters.
This is likely to be particularly important in the Eastern Mediterranean Sea (EMS), which
is P limited during the winter bloom and N&P co-limited for phytoplankton in summer.
However, it is not clear how the acid processes acting on Saharan dust will affect the
microbial biomass and primary productivity in the EMS. Here, we carried out bioassay
manipulations on EMS surface water on which Saharan dust was added as dust (Z),
acid treated dust (ZA), dust plus excess N (ZN), and acid treated dust with excess N
(ZNA) during springtime (May 2012) andmeasured bacterioplankton biomass, metabolic,
and other relevant chemical and biological parameters. We show that acid treatment
of Saharan dust increased the amount of bioavailable P supplied by a factor of ∼40
compared to non-acidified dust (18.4 vs. 0.45 nmoles P mg−1 dust, respectively). The
increase in chlorophyll, primary, and bacterial productivity for treatments Z and ZA were
controlled by the amount of N added with the dust while those for treatments ZN and
ZNA (in which excessive N was added) were controlled by the amount of P added. These
results confirm that the surface waters were N&P co-limited for phytoplankton during
springtime. However, total chlorophyll and primary productivity in the acid treated dust
additions (ZA and ZNA) were less than predicted from that calculated from the amount of
the potentially limiting nutrient added. This biological inhibition was interpreted as being
due to labile trace metals being added with the acidified dust. A probable cause for
this biological inhibition was the addition of dissolved Al, which forms potentially toxic Al
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nanoparticles when added to seawater. Thus, the effect of anthropogenic acid processes
in the atmosphere, while increasing the flux of bioavailable P from dust to the surface
ocean, may also add toxic trace metals such as Al, which moderate the fertilizing effect
of the added nutrients.
Keywords: microcosm experiment, Eastern Mediterranean, dust, atmospheric acid processes, phosphorus,
nitrogen, trace metals aluminum
INTRODUCTION
Atmospheric dust and aerosols represent an important source of
dissolved nutrients to the offshore global ocean and can increase
primary and bacterial productivity and thus carbon uptake
(reviewed in Guieu et al., 2014). This is particularly important
in regions of the ocean that are strongly impacted by desert
dust such as the Central N. Atlantic, the NW Pacific Ocean and
the Mediterranean Sea (Mahowald et al., 2005, 2008). The most
important nutrient elements controlling primary productivity
in the Eastern Mediterranean are phosphorus (P) and nitrogen
(N). Previous studies have demonstrated that the system is P
limited in winter during the annual phytoplankton bloom (Krom
et al., 1991) and N&P co-limited for phytoplankton during the
spring/summer (Thingstad et al., 2005; Zohary et al., 2005; Pitta
et al., 2016; Rahav et al., 2016; Tsiola et al., 2016). All of the
inorganic N supplied from the atmosphere is bioavailable, since
it is present as water-soluble ammonium or nitrate. By contrast,
most of the P in Saharan dust is supplied as apatite, and to a lesser
extent P bound to iron minerals (Eijsink et al., 2000; Singer et al.,
2004; Nenes et al., 2011; Stockdale et al., 2015). These minerals
are only poorly soluble in seawater (Atlas and Pytkowicz, 1977).
Since dust sediments relatively rapidly through the surface layers
of the ocean where phytoplankton grow, only the soluble fraction
of P in dust is immediately bioavailable with some additional P
dissolving on a timescale of hours to days (Mackey et al., 2012).
Mahowald et al. (2008) estimate that, globally, about 17% of total
atmospheric P deposited at the sea surface is water-soluble. The
soluble fraction, however, is highly variable, with values ranging
between 7 and 100% (Mahowald et al., 2008).
Dust in the atmosphere is known to cycle between clouds,
where it is frequently the nucleus of cloud droplets, and wet
aerosols where the water has evaporated, leaving a thin film
of water that can have a much higher pH than the original
cloud water (Shi et al., 2015). Nenes et al. (2011) found that
acidic atmospheric processes increased the amount of leachable
P and suggested that there is a direct feedback mechanism
between additional acid gases including NOx and SOx in the
atmosphere and the amount of leachable P in the depositing
aerosols. Although acid gases in the atmosphere can be formed
naturally, e.g., NOx from lightning and SOx from the oxidation of
dimethyl sulfide—a gas emitted by phytoplankton, the majority
of such gases at present are the result of anthropogenic inputs
(Seinfeld and Pandis, 2006). The Eastern Mediterranean Sea
(EMS) is a particularly important location for the interaction
between mineral dust and anthropogenic gases as dust-laden air
masses from the Sahara desert interact with polluted air masses
from southern Europe. Stockdale et al. (2015) showed that the
amount of P released from dust is a linear function of the amount
of H+ ions present in the atmosphere over a wide range of
H+ ion addition. When the buffer capacity of atmospheric dust,
due mainly to CaCO3 present in the dust, is exceeded, excess
acid remains and all of the acid-soluble P bearing minerals are
converted to bioavailable labile P.
The fertilizing effect of nutrient input by dust can be
moderated by the tracemetals that are added simultaneously with
the aerosol (Paytan et al., 2009). They particularly identified Cu
as being a potent algicide, which may be the cause of reduced
phytoplankton biomass, though they noted that other metals,
such as Al, may play a role (Paytan et al., 2009). As with P, much
of the potentially toxic trace metals in dust are present initially
as insoluble minerals. However, it is probable that acid processes
in the atmosphere may also increase the amount of dissolved
toxic minerals in the atmospheric aerosol at the same time as
increasing the amount of leachable P.
The EMS is the largest body of water in the ocean that is
known to be P limited (Krom et al., 1991). The atmospheric input
of nutrients is particularly important in the ultra-oligotrophic
Eastern Mediterranean where ∼60% of the externally supplied
N and ∼30% of the leachable P are supplied via atmospheric
deposition (Markaki et al., 2003; Krom et al., 2004). The
fertilizing effect of atmospheric dust on the EMS microbial
ecosystem has been examined previously (Herut et al., 2005;
Ternon et al., 2011). They suggested that the major control on
the amount of phytoplankton biomass and primary productivity
is the amount of the labile limiting nutrient, which is added via
the dust/aerosol. During spring/summer, the surface waters of
the EMS are co-limited by N and P (Thingstad et al., 2005),
while there is abundant Fe derived mainly from atmospheric
input (Statham and Hart, 2005). Thus, it is the amount of
leachable N&P and its sources, which are important factors in
controlling microbial processes including primary productivity
in the EMS.
To determine the amount of labile N&P added to a
microcosm/mesocosm experiment, it is usual to carry out
separate dust leaching experiments in abiotic seawater (e.g.,
Guerzoni et al., 1999; Herut et al., 2002; Carbo et al., 2005).
Mackey et al. (2012) have shown that for a series of dust samples
collected on filters and exposed to seawater, while there was a
rapid release of phosphate initially, the amount continued to
increase over a period of up to 72 h.
In this study, we added to triplicate microcosms, an untreated
mineral aerosol, and the same aerosol that had been treated
with acid (pH = 2) to simulate acidic atmospheric processing.
The experimental design involved untreated dust, acid treated
dust, and both with sufficient ammonium added to relieve the
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N co-limitation found in EMS surface waters at the time of
the experiment. The amount of dissolved inorganic nutrients
and trace metals added with dust samples were quantified.
Measurements were made to determine the biological response
to the modified Saharan dust, including determining the changes
in phytoplankton and bacterial biomass and productivity as well
as other relevant microbial parameters. The experiment was
designed to investigate the net effect of simulated atmospheric
acidic processes on the microbial ecosystem and provided
initial results of the relative importance of acidic processes on
stimulating and inhibiting biological processes in this vulnerable
ecosystem. These experiments were carried out simultaneously
to a mesocosm experiment in which Saharan dust and Polluted
aerosol were added and the biological responses determined
(Tsagaraki et al.—this issue).
MATERIALS AND METHODS
Dust Leaching Experiments
Prior to the leaching of phosphate and ammonia, 120ml plastic
containers were coated with iodine by adding a crystal or two
of elemental iodine and placed in oven at 40◦C for 10 min.
The containers were cooled to room temperature (22◦C) and
swilled with Milli-Q water to remove all the excess I2. For the
nitrate leaching, uncoated 250ml plastic containers were used.
For the phosphate/ammonia leaching experiment, 50 mL of
sterile seawater was added to each container in a biological safety
cabinet. 0.16 ml of 6 N HCl was added to three of the sample
containers to simulate acid conditions in the atmosphere.∼6mg
of accurately weighed dust was then added and the containers
were placed on a shaking table for 30 min, 2, 6, 24, and 48 h
situated in a light proof box. The duration of the leaching
experiment was based on the study of Mackey et al. (2012), which
found an increasing amount of leached P after 24–48 h. This
was also the period of our microcosm experiment, chosen in that
case for practical reasons as the experiment was carried out in
parallel to the labor intensive mesocosm experiment. At each
sampling, ∼7 mL of sample was removed by syringe, filtered
through 0.45 µm polycarbonate filters and stored at 4◦C for
subsequent analysis. For the nitrate leaching experiment, 100 ml
of sterile seawater was used and was sampled in the same way as
for the other determinants, after 30 min leaching. The length of
time used for nutrient leaching was determined by preliminary
experiments on samples of dust collected in Rosh Pina, Israel
(see Supplementary Information Figures S1A,B, S2A,B). The
analysis of all the nitrate and phosphate samples was carried out
after the 48 h sample was collected. The ammonium samples were
frozen and analyzed subsequently. A series of six blank samples
were run through the sampling procedure and the average value
subtracted for each sample analyzed (mean blank values were P
3 ± 4 nmol L−1 and nitrate 48 ± 50 nmol L−1. Nutrient content
was determined by standard SEAL AA-3 automated methods
for phosphate (using the molybdate blue method), nitrate (as
nitrite after Cd column reduction) and ammonium (using a
fluorescence method). The precision of replicate analysis was 1.8
± 0.01 µM for phosphate, 6.0 ± 0.05 µM for nitrate and 5.75 ±
0.05 µM for ammonium.
Microcosm Experiment
A dust-enrichment microcosm experiment was carried out using
surface (∼10m depth) seawater pumped into holding tanks
on-board the R/V Philia from a location 5 nautical miles
north of Heraklion (Crete, Greece, 35.4159 N, 25.2407 E)
on May 10th, 2012. The experiment was carried out at
the CRETACOSMOS facility of the Hellenic Centre for
Marine Research (cretacosmos.eu), in 15 translucent 8 L
polyethylene (PE) bottles/microcosms, that were washed with
10% hydrochloric acid, rinsed three times with Milli-Q water and
finally three times with seawater from the sampling site before
filling them.
The 15 microcosms were separated into five sets of
triplicates, dependant on the experimental amendments made:
(1) Control—original seawater, no addition (C); (2) Original
seawater + Saharan dust precursor (Z); (3) Original seawater +
Saharan dust precursor + 200 nM NH4 mg
−1 dust (ZN); (4)
Original seawater + acid treated Saharan dust precursor (ZA);
and (5) Original seawater + acid treated Saharan dust precursor
+ 2000 nM NH4 mg
−1 dust (ZNA).
Saharan Dust Proxy Treatment
In order to have enough particulate material of known
composition, size fractionated surface soil taken from Northern
Libya (32.29237N 22.30437S) was used as proxy for Saharan
dust. As in previous experiments (Shi et al., 2011), only the fine-
grained fraction (PM10, <10 µm), which corresponds to the
material that is transported for long distances, was used. The
proxy dust was resuspended using a custom-made resuspension
chamber and the PM10 was separated for subsequent use.
Previous studies have used similar procedures for experimental
work with Saharan dust (Lafon et al., 2006; Guieu et al., 2010; Shi
et al., 2011). Within the text we use the term PM10 dust or simply
dust for this size fractionated proxy.
To mimic the effect of atmospheric acid processes on dust
(Nenes et al., 2011), 200mg of PM10 were added to 50 ml of
milli-Q water, acidified to pH 2, in a plastic vial. They were mixed
and shaken for 5 min and then 8 ml of the dust suspension were
added to each acidified PM10 treatment microcosm (ZA and
ZNA). This gave a final dust concentration of 4mg L−1 seawater
in themicrocosm. Similarly, 200mg of PM10were added to 50ml
of milli-Q water in a plastic vial and 8 ml of dust suspension
were added to each non-acidified PM10 treatment microcosm (Z
and ZN). Ammonium Chloride was added to the ammonium-
amended treatments (ZN, ZNA) to give final concentrations of
the values given in Table 1.
The bottles were incubated for 48 h in a large pond of seawater
under flow-through conditions to maintain ambient temperature
and were covered with a layer of neutral density net mimicking
light intensity at the depth layer (10m) from which water was
collected. The ambient seawater was also tested/characterized
for most biomass and activity variables prior to the seawater
being added to the microcosms. All microcosm treatments were
sampled once, immediately after material additions (T0), and
then daily, at 08:30 a.m. for a period of 2 days after material
addition (T24 and T48).
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TABLE 1 | Concentration of leachable nutrients (inorganic P and inorganic N) added to each one of triplicate sets of microcosms (treatments).
Treatment Total conc. of PM10
added (mg L−1)
Leachable P added
with the dust (nM L−1)
Leachable inorganic
N added with the
dust (nM L−1)
Conc. of extra N
added to relieve N
limitation (nM L−1)




Control 0 0 0 0 0
Z 4 1.8 8.0 0 8.0 4.4:1
ZN 4 1.8 8.0 200 208 118:1
ZA 4 80.8 8.0 0 8 0.1:1
ZNA 4 80.8 8.0 2000 2008 25:1
Z, ZN, non acidified treatments; ZA, ZNA, acidified treatments; ZN, ZNA, treatments with artificially added N; C, Controls, no addition. The values are given in nanomoles per liter of
seawater to enable easy comparison with the biological response measurements.
Measurement of Chlorophyll a
Concentration
Water samples (500ml) were filtered through 47mm diameter
polycarbonatemembranes of 0.2µmpore size, using low vacuum
pressure (<200mm Hg). The filters were immediately extracted
in 90% acetone at 4◦C in the dark overnight (for 14–20 h);
Chl-a concentrations were determined using a Turner TD-700
fluorometer (Yentsch and Menzel, 1963).
Primary Production
Primary production (PP) was measured using the 14C
incorporation method (Steeman-Nielsen, 1952). Three light
and one dark 170ml polycarbonate bottles were filled with
sample water from each microcosm in the morning, inoculated
with 20 µCi of NaH14CO3 tracer each, and incubated in the
large concrete tank for 3 h around midday. After the incubation,
samples were filtered through 0.2 µm polycarbonate filters
under low vacuum pressure (<200 mm Hg) and filters were
put in scintillation vials where 1 ml of 1% HCl solution was
immediately added in order to remove excess 14C-bicarbonate
overnight. Then, 4 ml scintillation fluor (BSF, Packard) was
added to the vials, and samples were counted in a scintillation
counter (Packard Tri-Carb 4000TR). PP (mg C m−3 h−1)
was then calculated from the radioactivity (disintegrations per
minute, dpm) measured in the light and dark samples, as shown




dpm light− dpm dark
)
× DIC× 1.05]
dpm total × h
.
Where DIC (Dissolved Inorganic Carbon) = 26.400mg C m−3,
1.05= correction factor for the lower uptake of 14C as compared
to 12C and h= duration of the incubation (hours).
Bacterial Production
Bacterial production (BP) was measured daily in all microcosms,
using the 3H-leucine incorporation method modified by Smith
and Azam (1992). Water samples (1.5ml) were collected, in
triplicate, in 2ml Eppedorf tubes and 50 µl of [4,5-3H]-l-leucine
(Amersham TRK 636, specific activity 165 Ci mmol−1) was
added at 20 nM final concentration. Controls received 90 µl
of 100% trichloroacetic acid (TCA) before injection of tritiated
leucine. All samples, including controls, were incubated for 2 h
in the dark, at in situ temperature. Incubations were stopped
with 90 µl of 100% TCA and the samples were stored at 4◦C.
BP was calculated according to Kirchman (1993), from 3H-
leucine incorporation rates. Concentration kinetic experiments
were performed in order to verify that the concentration of
leucine added (20 nM) was sufficient to saturate incorporation
(Van Wambeke et al., 2002).
Measurement of Abundance and Biomass
of Heterotrophic Bacteria and
Cyanobacteria Synechococcus Spp.
Abundance of heterotrophic bacteria and cyanobacteria
Synechococcus spp. was obtained by flow cytometric analyses.
A FACS Calibur instrument was used (Becton Dickinson),
equipped with an air-cooled laser at 488 nm and standard filters.
Milli-Q water was used as sheath fluid. Samples were run at
high speed (58 µl min−1) for 1 min for heterotrophic bacteria
counts and for 3 min for cyanobacterial counts. Abundance
was then calculated using the acquired cell counts and the flow
rate. All flow cytometry data were acquired with the CellQuest
and analyzed with the Paint-A-Gate software packages (Becton
Dickinson).
Samples for heterotrophic bacterial counts were fixed and
processed according to Marie et al. (1999). Briefly, fixation
was achieved with 0.2 µm pre-filtered 25% glutaraldehyde at
0.5% final concentration. Samples were then kept at 4◦C for
∼20 min, deep frozen in liquid nitrogen and finally stored at
−80◦C until enumeration. For heterotrophic bacteria, samples
were thawed at room temperature and stained with SYBR Green
I nucleic acid dye at a final dilution 4 × 10−4 of the stock
solution. The stained samples were incubated for 10 min in
the dark. Heterotrophic bacteria were grouped in two groups
according to their SYBR Green I fluorescence intensity (low
and high DNA content). Cyanobacteria Synechococcus spp.
were counted fresh, without fixation and staining steps, using
their characteristic auto-fluorescence chlorophyll/phycoerythrin
signals. Multi-fluorescence beads (0.93 µm, Polysciences)
were used as an internal standard of fluorescence at all
runs.
Abundance data were converted into C biomass using 20 fg
C cell−1 for heterotrophic bacteria (Lee and Fuhrman, 1987) and
250 fg C cell−1 for Synechococcus (Kana and Glibert, 1987).
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Alkaline Phosphatase Activity (APA)
Samples of APA were collected in triplicate prior the experiment
(Ambient), at T0 and T24 and analyzed according to Thingstad
and Mantoura (2005). One milliliter of seawater sample was
added to the substrate MUF-P. The alkaline phosphatase
(AP) hydrolyses the fluorogenic substrate MUF-P and yields
a highly fluorescent product (methyllumbelliferon: MUF) and
a phosphate group in equimolar concentrations (i.e., Luna
et al., 2012). The MUF produced was detected as increase
in fluorescence with spectrofluorometer (Hithachi F-2000,
excitation-364 nm and emission-448 nm). A standard curve with
MUF (Sigma Co.) was used to quantify the amount of MUF
produced by APA, so the phosphate liberated in the reaction
could be estimated.
Trace Metal Analysis
The samples for the analysis of trace metals (volume of 1 L
each), were collected in PTFE bottles (pre-treated overnight with
2N HNO3 and rinsed afterwards with ultrapure Milli-Q water)
and within 12 h from their collection, the samples were filtered
through pre-weighted nitrocellulose membrane filters (Millipore
0.45 µm pore size) under a clean laminar hood (class 100) in
order to separate the particulate from the dissolved form of
metals.
The dissolved metals in the filtered samples were determined
immediately after filtration through a process of pre-
concentration by passing the sample through Chelex-100
resin columns for retaining the metals and elution of them by
the use of 10 ml nitric acid 2N s.p. under the clean laminar
hood (pre-concentration factor = 100). The pre-concentration
procedure is a slight modification (Scoullos et al., 2007) of that
proposed by Riley and Taylor (1968) and Kingston et al. (1978).
Trace metals concentrations (Cu, Pb, Zn, Mn, Al, Fe) in the
eluates were determined by employing for Zn, Al, Fe, a Varian
SpectrAA 200 Flame Atomic Absorption Spectrophotometer
(FAAS) and for Cu, Pb, Mn, a Varian SpectrAA-640Z Graphite
Furnace Atomic Absorption Spectrophotometer (GFAAS) with
Zeeman background correction. The relative standard deviation
[Sr= (S/χ)× 100] of the measurements resulting from replicate
(3–4) determinations and standard addition experiments
was <5%. The details for these methods are given in Table 2.
Statistical Analyses
Test of statistical significance was carried out using a one-
way analysis of variance (ANOVA) followed by Tukey’s post-
hoc test. This test was used to compare between the controls
and the different treatments (P < 0.01) at the conclusion of
the microcosm experiment. All tests were performed using the
XLSTAT.
RESULTS
The amount of P leached from untreated PM10 dust was 0.45
nmoles P mg dust−1 (averaging the values for 24 and 48 h
leaching excluding PM10_2 48 h; Figure 1A) and 2 nmoles N
mg dust−1 as nitrate (using the measured value after 30 min;
Table S1). It is noted that the phosphate added is a minimum
because there may have been some readsorption of phosphate
onto the PM10 dust particles during the leaching experiment.
The amount of P leached from the acidified dust (0.01 N)
was 18.4 nmoles P mg dust−1 also averaged for 24 and 48 h;
Figure 1B) and it was assumed that there was also 2 nmoles N
mg dust−1 leached from the acid treatment. The concentration
of ammonia leached from the dust was 0.08 ± 0.3 nmoles N
mg dust−1 (Table S1). This average value is considered below
the practical detection limit and assumed to be zero for all
subsequent calculation. These values were used to calculate the
amount of N & P added to the microcosms shown in Table 1.
The pH change caused by the addition of 8 mls of pH = 2 water
to 4 L of seawater was−0.02 pH units.
The 10m deep seawater used in this experiment, which
is labeled ambient (Amb.), exhibited typical oligotrophic
characteristics, with 0.074 µg Chl.a L−1 and 0.22 ± 0.01 µg C
L−1 h−1 primary productivity (PP). The bacterial abundance was
2.8 × 105 cells ml−1, resulting in a calculated biomass of 5.57
µg C L−1. Alkaline Phosphatase Activity (APA) was 4.69 ± 0.12
TABLE 2 | Summary table of the methods used to determine biogeochemical changes in the microcosms during this experiment.
Parameter Unit of measurement Method of measurement
Primary productivity (PP) µg C L−1 h−1 14C incorporation method (Steeman-Nielsen, 1952)
Chlorophyll-a (Chl.a) µg L−1 Acetone extraction method (Yentsch and Menzel, 1963)
Synechococcus biomass µg C L−1 C biomass converted from abundance using 250 fg C cell−1 (Kana and Glibert, 1987)
Synechococcus abundance Cells ml−1 Flow cytometry (Kana and Glibert, 1987)
Heterotrophic bacterial biomass µg C L−1 C biomass converted from abundance using 20 fg C cell−1 (Lee and Fuhrman, 1987)
Heterotrophic bacterial abundance Cells ml−1 Flow cytometry (Marie et al., 1999)
Bacterial productivity µg C L−1 h−1 3H leucine incorporation technique (Smith and Azam, 1992; Kirchman, 1993)
Alkaline phosphatase activity nM MUF h−1 Maximum hydrolysis rate of a fluorogenic substrate, methyllumbelliferone phosphate
(Thingstad and Mantoura, 2005)
Trace metals (Zn, Fe, Mn, Cu, Pb, Cd, Al)
of seawater and seawater leached PM-10
nM L−1 Extraction into Chelex 100 resin, leaching by 10 ml 2N nitric acid and measurement
by ICP-MS
Trace metals (Zn, Fe, Mn, Cu, Pb, Cd, Al)
of acid leached PM-10 samples
nM L−1 Extracted into pH = 2 MQ and analysed by ICP-MS
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FIGURE 1 | Phosphate leached from (A) PM10 (three replicates) vs. time into seawater and (B) PM10 leached into seawater acidified to pH = 2 (three
replicates) expressed as nM phosphate mg dust−1.
nmoles MUF h−1 (all data from the microcosms are presented in
Table S2). The dissolved nutrients (phosphate and nitrate) were
below analytical detection limits.
The pattern of observed changes in the microcosms was
broadly similar for Chl-a, primary and bacterial productivity
(Figures 2–4A). Thus, for Chl-a, the measured concentration in
the microcosms at T0 was 0.05µg chl.a L
−1, slightly less than that
of ambient values (0.07 µg chl.a L−1; Figure 2). After 48 h, the
ZA microcosms showed no measurable increase in Chl.a (0.09
± 0.01 µg chl.a L−1) compared with the control microcosms
(0.09 ± 0.01 µg chl.a L−1; Figure 2). Chl.a in ZN additions was
slightly higher than Z additions after 48 h (0.12 ± 0.02 vs. 0.11
± 0.02 µg chl.a L−1). The greatest increase was in the acidified
ZNA treatments, which ended up with a value of 0.30 ± 0.07 µg
chl.a L−1 after 48 h which was significantly higher than all other
treatments (p < 0.01; Table S3).
The primary productivity measured at the ZA microcosms
after 48 h was the same as for the control microcosms; 0.23± 0.03
µg C L−1 h−1 (Figure 3). Both untreated dust additions (Z and
ZN) caused an increase in primary productivity by ca. 50% to 0.37
± 0.13 and 0.39 ± 0.04 µg C L−1 h−1, respectively, while ZNA,
by ca. 500% to 1.16± 0.30 µg C L−1 h−1 (Figure 3), significantly
greater than all other treatments (p < 0.01; Table S3).
Bacterial biomass in the control increased from 6 µg C L−1
at T0 to 7.6 µg C L
−1 after 48 h (Figure 4B). As with bacterial
activity, the only treatment that showed a decrease compared
with the control was ZA. All the other treatments showed an
increase, although the largest one was at Z (11.1 µg C L−1) while
ZN (8.3 µg C L−1) and ZNA (9.8 µg C L−1) were somewhat
lower. Bacterial productivity showed the largest increase over
48 h at ZNA which, in this case, reached 273 ng C L−1 h−1
compared with 21 ng C L−1 h−1 for the control (Figure 4A)
and was significantly greater than all other treatments (p < 0.01;
FIGURE 2 | Measured changes in chlorophyll-a concentration in the
microcosm treatments compared with the initial ambient values of the
water used to inoculate the microcosm bottles.
Table S3). For this parameter, ZN was greater (82 ng C L−1 h−1)
than Z (53 ng C L−1 h−1) and ZA increased to 58 ng C L−1 h−1
compared with Z.
Synechococcus cell numbers in the controls increased from
20260 to 32 ± 4 cells × 103 ml−1 (Figure 5). Compared
to the controls, both non-acidified treatments (Z and ZN)
showed an increase in Synechococcus cell numbers after 48 h,
to 43 ± 7 cells × 103 ml−1 for Z and to 34 ± 1 cells
x103 ml−1 for ZN. By contrast, both acid treated microcosms
(ZA and ZNA) resulted in a decrease in Synechococcus cell
numbers, to values of 27 ± 3 and 27 ± 3 cells × 103 ml−1,
respectively.
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APA continuously decreased within 24 h of dust addition,
from 4.69 nM MUF h−1 to values at or below 1 nM MUF
h−1 (Figure 6). This decrease occurred in the treatments where
phosphate was added in relatively large amounts (ZA and ZNA),
in the Z treatment where P was added with a small deficit of
N, and also in the controls. The only treatment where APA first
decreased (T0) and then increased to 4 nM MUF h
−1 (T24) was
ZN where there had been a small increase in P and a relatively
large increase in N.
Trace metal concentrations increased considerably,
particularly those of Al, Mn, and Fe in the acid treated PM10
sample, which represents the dust sample after being affected by
FIGURE 3 | Measured changes in primary productivity rate in the
microcosm treatments compared with the initial ambient values of the
water used to inoculate the microcosm bottles.
acid processes in the atmosphere compared with the untreated
PM10 sample (Table 3). The ambient and experimental trace
metals were measured after filtration through 0.2 µm filters
followed by pre-concentration through ion exchange resins.
Thus, the concentrations of trace metals in the experimental
microcosms represent dissolved inorganic trace metals in the
ambient solution that the organisms are present in. The amount
that has been lost from solution has also been calculated in
Table 3. This was calculated by assuming that without any PM10
the concentration in solution would be the same as the control.
The missing trace metal is then the measured value (the control
value plus the added metal from the PM10). Positive numbers
FIGURE 5 | Measured changes in calculated Synechococcus biomass
determined by flow cytometry in the microcosm treatments compared
with the initial values at the beginning of the experiment.
FIGURE 4 | Measured changes in (A) bacterial activity rate and (B) calculated bacterial biomass in the microcosm treatments compared with the initial
ambient values of the water used to inoculate the microcosm bottles.
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FIGURE 6 | Measured changes in alkaline phosphatase activity
between T0 and T24 (hours) for the control and all treatments (Z, ZA,
ZN, and ZNA).
represent additional trace metal in solution, while negative
numbers represent trace metals missing from solution. It is likely
that this missing metal have been taken up by the organisms, or
converted into a form that is not determined by the extraction
system employed to pre-concentrate the samples. It cannot be
entirely excluded that trace metals are adsorbed onto the walls
of the container, however this seems unlikely since the control
sample was carried out in the same vessels. While the analytical
variability is ∼5%, the total variability including sampling was
higher. Here, we use the measured variability of the control
samples (2 × SD) as an estimate of the values above which it is
reasonable to interpret the changes as meaningful. These data
are marked in bold in Table 3.
In all cases, the amount of trace metals added to the
experimental microcosms, when the untreated PM10 dust was
added, had no measurable effect on the concentrations observed
in the microcosms (Table 3).
The major change in trace metals was for treatments with
acidified dust added (ZA and ZNA microcosms). In those
treatments, [Al] increased by more than ∼180 nM while the
Al content in the Z and ZN microcosms decreased by a factor
of almost 50% compared to the control. [Mn] also increased
as a result of the addition of acidified dust, from 1.9 nM in
the ambient to 14.4–15.8 nM in the acidified PM10 additions
(ZA and ZNA, respectively). This was approximately half of the
added Mn from the PM10 (36.5 nM). Fifty-one nM of dissolved
Fe was added to the microcosms with the acid PM10 and yet,
the final measured concentrations were only slightly higher in
the acidified microcosms (13.7 and 11.1 nM in ZA and ZNA,
respectively) compared with the control (10 nM) and the non-
acidified microcosms Z and ZN (10.2 and 10.0 nM, respectively).
This is likely to be because dissolved Fe is very insoluble at
ambient seawater pH’s (7.8–8.3) and tends to precipitate rapidly
as ferrihydrite. This solid also is a known substrate for trace metal
(and phosphate) adsorption. The trace metal most commonly
TABLE 3 | Concentration of trace metals in the ambient seawater before
the start of the experiment, calculated concentration of trace metals
added with the acidified (pH = 2) PM10 and the non-acidified PM10,
measured concentration of trace metals in the microcosms after 48h, and
calculated concentrations of trace metals missing from solution
(calculated from the final concentration minus the control plus the added
trace metals from the PM-10).
Treatment Fe Mn Cu Zn Pb Al
Ambient 8.8 1.9 1.35 33.8 0.76 35.3
PM-10 0.04 0.008 0.02 0.01 0.002 2.5
Acid PM10 51 36.5 0.29 6 0.2 751
MEASURED CONCENTRATION IN MICROCOSM AFTER 48 H
C 10.0 2.32 0.60 15.8 3.24 78.2
Z 10.2 3.95 0.47 14.1 6.34 15.2
ZA 13.7 14.4 0.73 9.4 4.76 262
ZN 10.0 4.4 0.67 12.0 8.40 27.8
ZNA 11.1 15.8 0.55 8.1 4.61 258
CALCULATED CONCENTRATION OF TRACE METALS MISSING FROM
SOLUTION AFTER 48H
Z 1.6 0.1 −0.1 −1.7 3.1 −65.2
ZA 2.1 0 0.1 −3.9 5.2 −52.6
ZN −24.4 −24.4 −0.2 −12.4 1.3 −457
ZNA −23 −23 −0.3 −13.7 1.2 −461
MEASURED VARIABILITY IN THE CONTROL SAMPLES EXPRESSED AS
2 SD OF THE MEAN
0.3 5.0 0.4 20 3.4 130
All concentrations are given in nmoles L−1.
associated with the inhibition of phytoplankton activity is Cu
(Paytan et al., 2009; Jordi et al., 2012). In this experiment, the
Cu measured in the microcosms was ∼half the value measured
in the ambient waters. In addition, although 0.29 nM of Cu was
added to the acid microcosms ZA and ZNA, the concentration
remaining in the microcosms after 48 h (0.73 and 0.55 nM for ZA
and ZNA, respectively) was similar to the control (0.60 nM) and
the other non-acidified microcosms (0.47 and 0.67 nM for Z and
ZN, respectively). All the observed changes in Cu were within
the variability found in the replicate control samples (±0.6 nM)
and are thus not considered significant. The Zn content in the
acidified microcosms ZA and ZNA (9.4 and 8.1 nM, respectively)
was less than that in the control (15.8 nM) and the non-acid
PM10 additions (14.1 and 12.0 nM in Z and ZN, respectively).
The missing trace metals, showed a similar pattern, with the
largest missing amount of trace metal being ∼460 nM Al from
the acid PM10 samples. There was ∼50 nM Fe, and ∼24 nM
Mn missing from solution in the acidified PM10 samples while
the missing Cu, Zn, and Pb (in both acidified and non-acidified
samples), and the Al and Fe in the non-acidified samples were
within the variability of the control samples. The missing Mn in
the non-acidified samples was only∼2 nM.
DISCUSSION
In this study, PM10 samples were leached into surface Eastern
Mediterranean seawater to determine how fast N&P were
released from untreated dust samples. Our results showed that
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while nitrate was leached essentially completely within 30 min
(Figure S1), phosphate continued to increase from 6 h (0.28
nmoles Pmg−1) to 24 h (0.44 nmoles Pmg−1) and to 0.45 nmoles
Pmg−1 after 48 h. This pattern was similar to that observed in our
preliminary experiments using Rosh Pina dust (Figures S1A,B).
This is similar but not identical to the results obtained byMackey
et al. (2012), who observed that an increasing amount of P was
leached from dust samples over the first 24 h followed by a smaller
increase over the next 2 days. A similar pattern was obtained
from the dust samples used in the mesocosm experiments (Herut
et al., submitted—this issue), as well as in experiments using dust
collected during a dust storm from Rosh Pina, Israel (Stockdale
and Krom; unpublished data). These experiments, all performed
with different samples of untreated dust, show small differences
in the rate of increase in P leached with time. A possible
explanation for these differences is that natural apatite, the major
P containing mineral in Saharan dust (Stockdale et al., 2015)
exists in several subtly different mineral forms. It is likely that
these dissolve at different rates when placed in an excess of
seawater. We also note that lower concentrations of dissolved
minerals appear to drive faster dissolution of phosphate although
this possible effect requires further investigation (Figure S1).
In our microcosm experiment, Chl.a and PP values were
characteristic of an ultraoligotrophic environment in early
summer (Siokou-Frangou et al., 2010). The Chl.a values were
similar to those measured in EMS offshore waters (Psarra et al.,
2005; Ignatiades et al., 2009; Rahav et al., 2013), to those in coastal
waters off Crete (Psarra et al., 2000; Pitta et al., 2016; Tsiola et al.,
2016), and off Israel (Kress et al., 2005; Raveh et al., 2015). PP was
somewhat higher than offshore waters and somewhat lower than
observations off the Israeli coastal waters recorded at the same
season.
It has been suggested that acid processes in the atmosphere
result in an increased supply of leachable inorganic P (LIP)
resulting from the dissolution of P minerals (apatite and Fe-
Bound minerals; Nenes et al., 2011; Stockdale et al., 2015). We
chose in this study to dissolve the PM10 dust precursor at pH
= 2 with a high water to dust ratio. This pH represents that
in wet aerosols that have been in contact with polluted air
masses (Meskhidze et al., 2003; Nenes et al., 2011). The LIP of
the acidified PM10 dust was 18.4 nM mg dust−1, which was
∼40 times higher that of non-acidified samples (0.45 nM mg
dust−1, Figure 1). Since it is known that the surface waters of the
EMS are N&P co-limited for phytoplankton in May (Thingstad
et al., 2005; Zohary et al., 2005), with inorganic nutrients
below analytical detection limits, it is possible to predict the
effective limiting nutrient in each treatment from the amount of
dissolved nutrients added. The amount of N in the PM10 added
microcosms (Z and ZA; 2 nM mg dust−1, Table 1) was relatively
low, in part because the PM10 soil precursor sample had not
been exposed to the hydrophilic N gases in the atmosphere. This
low N in the untreated PM10 treatment (Z) meant that after
addition to the microcosms, the treatment became N limited
with an added N:P ratio of 7.0. The acidified PM10 treatment
(ZA) added a similarly low N, while the P concentration was
∼40 times higher. This treatment was similarly N limited. By
contrast, in those treatments where N was added (ZN and ZNA),
the systems became P limited (N:P ratio = 118:1 and 25:1,
respectively). The primary response of the treatments reflected
these nutrient additions and the resulting limiting nutrient with
large and significant increases in Chl.a, PP and BP in the ZNA
microcosms (Figures 2–4) reflecting the much higher amount
of phosphate added and greater availability of phosphate for
primary and bacterial metabolism.
The sequence and approximate magnitude of changes in
phytoplankton, as measured by Chl.a, and PP was controlled by
the relative amount of the limiting nutrient added. Thus, the
response of the Z treatment (N limited) after 48 h as somewhat
lower than ZN (P limited) for both variables and was significantly
lower than the response of the ZNA treatment where the added
limiting nutrient P concentration was 40 times higher than Z
and ZN (Figures 2, 3). This confirms that the dust provided a
bioavailable (leachable) source of N and P as found in other
studies (Herut et al., 1999, 2000, 2002; Migon et al., 2001; Ridame
and Guieu, 2002) and relieved the phytoplankton community of
N and P co-limitation (Kress et al., 2005; Krom et al., 2005; Pitta
et al., 2005; Tanaka et al., 2011).
Ambient levels of APA were found to be high, as is typically
found in the EMS (Thingstad and Mantoura, 2005) since the
system is strongly P starved (Krom et al., 2005). In all of the
treatments where P was added by PM10 addition, the APA
decreased as the P deficiency was alleviated (Figure 6). The
exception to this was ZN where a small amount of P and a large
amount of N were added. In this case, it is suggested that the
microbial community increased the APA to try to obtain new P
to balance the extra N added externally.
Other microbial responses to the dust addition included
bacterial productivity that increased substantially more after
ZNA addition compared to other treatments (Figure 4A).
It is suggested that greater phytoplankton production in
ZNA microcosms (Figure 3) may have produced an increased
concentration of labile organic carbon to fuel heterotrophic
bacterial respiration (Siokou-Frangou et al., 2010). However, this
increase was not matched by an increase in bacterial biomass
(Figure 4B). This suggests that although the addition of the
highest amount of N and P allowed for an increase in BP, the
standing crop of bacteria was controlled by grazers such as
heterotrophic nanoflagellates and ciliates (Kress et al., 2005; Pitta
et al., 2005; Romero et al., 2011) or that the cell specific BP
changed.
The magnitude of the increases in Chl.a and PP were not,
however, simply related to the concentration of the added
limiting nutrient. Thus, although treatments Z and ZA, both had
the same amount of the limiting nutrient (N) added, the response
was different. The final Chl.a and PP of the ZA treatment was
lower than for the Z treatment, and almost exactly the same as
the control (Figures 2, 3). The Chl.a/limiting nutrient ratio for
Z, which is only PM10, was 16.6 ng chl.a/nM PO4 (Table 4)—
similar to that measured for the ratios for previous dust addition
experiments to the EMS, carried out in early summer [9.7–15.7
ng chl-a L−1 nMPO−14 ,Table 4, (Herut et al., 2005)]. It is unlikely
that the lower response of ZA was due to higher grazing rates
since there is no reason why there should be higher grazing in
this treatment compared with the others. It is also unlikely to be
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TABLE 4 | Table showing the ratio of Chlorophyll-a increase relative to the controls/concentration of the limiting nutrient added for a series of micro- and
mesocosm-experiments carried out in the EMS during May.
P added N added Limiting nutrient Increase in Chl.a Type of sample added Chl.a/limiting nutrient References
(nM) (nM) (nM) (ng l−1) (ng nM−1)
18 570 18 175 Dissolved nutrient 9.7 Zohary et al., 2005
16 750 16 180 Dust 11.3 Herut et al., 2005
16 750 16 180 Dust 11.3 Herut et al., 2005
7 307 7 110 Dust 15.7 Herut et al., 2005
1.8 8 1.8 30 Dust (Z) 16.6 This study
80.8 8 8 = 0.5 nM P 1 Acidified dust (ZA) 2 This study
1.8 208 1.8 40 Dust & N (ZN) 22.2 This study
80.8 2008 80.8 220 Acidified dust & N (ZNA) 2.7 This study
2.8 18.9 18.9 = 1.2 nMP 26 Dust 22 Mesocosm, Herut et al., submitted;
Tsagaraki et al., in preparation, both in this
issue
3.7 55.1 55.1 = 3.4 nMP 33 Mixed aerosol 9.7 Mesocosm, Herut et al., submitted;
Tsagaraki et al., in preparation, both in this
issue
The waters at this time are N&P co-limited and the concentration of limiting nutrient is calculated from the smaller value of the actual P added or N added, divided by 16 expressed as P.
due to the “acid” added since the pH change was only a decrease
of 0.02 pH units. The probable reason for this partial suppression
of both PP and phytoplankton biomass is the trace metals added
with the nutrients (Paytan et al., 2009).
Additional evidence suggesting that it is the trace metals
released by the acid treatment that caused measurable biological
suppression comes from the ZNA treatment in which the
Chl.a/limiting nutrient ratio was 2.7 µg chl.a L−1/nM PO−14
which was similar to that of ZA (2 ng chl-a/nM PO−14 ) even
though the actual chl.a change was much larger 220 ng chl.a L−1
vs. 1 ng chl.a L−1. These two samples had much higher trace
metals added compared with the Z and ZN treatments (Table 3).
It is also noted that the unpolluted Saharan dust addition to
the main mesocosm experiment (see Herut et al., submitted;
Tsagaraki et al., in preparation—both in this issue for more
details) had a ratio of 22 ng chl.a L−1/nM PO−14 compared with
a ratio of 9.7 ng chl.a L−1/nM PO−14 for the polluted aerosol
addition (Table 4).
One of the characteristics of aerosols from polluted air masses
is that they contain higher amounts of potentially bioavailable
trace metals. These are derived both from anthropogenic sources
and from trace metals being mobilized by atmospheric acids
(e.g., Herut et al., 2001; Wuttig et al., 2013; Shi et al., 2015).
Our “polluted” analog aerosols in this experiment (ZA and
ZNA) had contained much higher amounts of labile trace
metals particularly Al, Fe, and Mn compared with non-
acidified samples (Table 3). This is similar to the previous
results of Spokes and Jickells (1995) who showed that these
metals are particularly soluble at the low pH observed in
clouds.
Previous studies have shown that phytoplankton activity is
inhibited by the addition of trace metals from dust (Paytan et al.,
2009; Jordi et al., 2012). In this experiment, Al was the element
added in the largest amount (750 nM) and which remained
in solution to the highest concentration (∼250 nM). Al is a
major element in almost all aerosols and is likely to dissolve
under the low pH conditions generated in the atmosphere,
especially when somewhat polluted cloud droplets evaporate
into wet aerosols (Shi et al., 2015). Although Al has been
recognized as a phytoplankton toxin, it has mainly been studied
in freshwater systems (Gensemer and Playle, 1999); it does not
seem to have been considered as potentially toxic in marine
systems possibly because the typical concentration of dissolved
Al in seawater is relatively low (Hydes, 1983). However, it is
likely that when atmospherically supplied dissolved Al reaches
seawater, it will first precipitate as nanoparticles in a similar
way to dissolved Fe. Recent studies have shown that such Al
nanoparticles are more toxic to microalgae than simple dissolved
Al (Sadiq et al., 2011). Although Paytan et al. (2009) suggested
that Cu is the element most likely to cause phytoplankton
inhibition, they mentioned the possibility that Al (or other
trace metals) might be a contributory element to phytoplankton
toxicity by dust addition. All of the changes in Cu concentration
in this study were within sampling and analytical error and
thus it is unlikely that Cu toxicity was important in this study.
Similarly, it is considered unlikely that Mn or Fe, the two
other elements that were leached in large amounts with acidified
PM10, caused major phytoplankton inhibition because Mn is
generally not considered a plant toxin and Fe is an essential
micronutrient.
In addition to inhibiting total chl.a, primary and bacterial
activity, the acid treatments also resulted in a smaller increase
in Synechococcus biomass compared with both the control and
the non-acidified PM10 additions (Figure 5). Paytan et al. (2009)
also found that the abundance of Synechococcus was greater in
the controls and in European aerosol treatment which had lower
trace metal content added compared with their Saharan dust
treatment which had increased trace metal supply. It is therefore
considered likely that acid mobilization of toxic trace metals in
dust particles may have disrupted Synechococcusmetabolism.
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CONCLUSIONS
Overall, the primary control of phytoplankton biomass and
productivity was controlled by the amount of limiting nutrient
added. When the amount of P was increased by a factor
of ∼40 as a result of simulated atmospheric acidic processes
(suggested by Nenes et al., 2011) converting solid P minerals
into labile phosphate, and N limitation was relieved, there was
a considerable increase in the phytoplankton growth. Recent
results have suggested that atmospheric control is more complex
than previously thought and depends on the amount of hydrogen
ions present in the water film around aerosol particles and
on whether the particles are internally or externally mixed
(Stockdale et al., 2015). Here, it was shown that there was
also an inhibitory effect of acid treatment on phytoplankton
biomass, primary, and bacterial activity (though not bacterial
biomass). Our results indicate that this inhibition was caused
by the trace metals mobilized by the similar acid processes to
those, which caused the P minerals to dissolve. Here, we suggest
that Al, and not Cu (Paytan et al., 2009; Jordi et al., 2012),
may be a key element in this inhibition, possibly in the form of
nanoparticles.
Our acid treatments were designed as analogs for acidic
atmospheric processes, particularly where polluted air masses
interact with Saharan Dust. Such air masses have higher
NOx/SOx, which will increase the amount of LIP formed
but will also increase the amount of dissolved trace metals.
In addition, such air masses are likely to contain aerosol
particles which themselves have high original labile trace
metals. The results presented here suggest that although overall
acid processes in the atmosphere will increase the amount
of labile P added to the photic zone and subsequently the
phytoplankton biomass and PP, this is likely to be moderated
by increased input of toxic trace metals. Further, research
is required to understand and predict the overall balance of
effects of these two conflicting processes on the microbial
ecosystem.
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Figure S1 | (A,B) Phosphate leached from dust collected after two different dust
storms in Rosh Pina, Israel into seawater. RPA was sampled in April 2014 and
RPS was in September 2015. Note, the difference Y-axis.
Figure S2 | (A,B) Nitrate leached from dust collected after two different dust
storms in Rosh Pina, Israel into seawater. RPA was sampled in April 2014 and
RPS was in September 2015. Note, that the Nitrate concentration remained
essentially constant after 30 min leaching. Note the difference Y-axis.
Table S1 | Ammonia and nitrate leached from 3 PM10 dust samples
(PM10_1, PM10_2, PM10_3). Results are shown in nM N mg dust−1.
Table S2 | Table showing the values of all the biological parameters used
in this study as well as the calculated average values and standard
deviations.
Table S3 | Summary of the statistical comparison (one-way ANOVA
followed by Tukey’s post-hoc test) between the different treatments (C, Z,
ZN, and ZNA) at the conclusion of the microcosm experiment (2 days).
Significant differences are in bold (P < 0.05).
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